Objective. AS is a systemic inflammatory disease of the SpA family. Polymorphisms at loci including HLA-B27, IL-23R and ERAP-1 directly implicate immune mechanisms in AS pathogenesis. Previously, in an SpA model, we identified HLA-B27mediated effects on dendritic cells that promoted diseaseassociated Th17 cells. Here we extend these studies to AS patients using deep immunophenotyping of candidate pathogenic cell populations. The aim of our study was to functionally characterize the immune populations mediating AS pathology.
Introduction
AS is a chronic arthropathy of the axial and peripheral skeleton, characterized by inflammation and abnormal bone and entheseal remodelling. AS is recognized as the prototypic disease of a larger SpA group of conditions that share genetic, pathophysiological and clinical features. Although transformed by the introduction of TNF inhibitors a decade ago, current therapeutics remain inadequate for a substantial proportion of patients, offering a compelling case for improved pathophysiological discovery. Large genome-wide association studies have recently contributed several novel loci and hence novel candidate pathways in this regard. There is particular interest in the confirmed associations with IL-23R, ERAP1 and STAT3 [13] . Taken together with the provisional clinical benefit accrued upon inhibition of the IL-17A pathway in clinical trials in AS patients [4] , this suggests that novel immune-mediated pathways beyond TNF may now be formally implicated in pathogenesis.
Prior mechanistic studies have relied heavily on data generated using animal models. Experiments using transgenic rats overexpressing the human HLA-B27 and b2-microglobulin genes (B27-TG) have, for instance, implicated CD4 + T cells [5, 6] , myeloid cells [7, 8] and endoplasmic reticulum (ER) stress [9] in the development of SpA. There are as yet few data informing analogous mechanisms operating in patients. Given that HLA-B27 is an MHC class I molecule, it is intriguing that disease in B27-TG rats occurs independently of CD8 + T cells [6] .
Moreover CD4 + T cells expanded in AS patient peripheral blood are enriched for a population of Th17 phenotype [1012] . Dendritic cells (DCs), which regulate T cell responses, have been strongly implicated in SpA pathogenesis in B27-TG rats [7, 8, 13] . Parallel studies in patients are, however, rare. Most have heretofore focused on cells generated from monocytes following ex vivo culture with GM-CSF and IL-4 (mo-DCs) [14] . These express reduced surface MHC II expression compared with cells from healthy individuals, but no alteration in production of IL-23 or other cytokines [15, 16] . On the other hand, in vitro studies do suggest that ER stress of DCs could lead to excessive IL-23 production [17] , and as such they are intriguing candidate cells in initiating this effector pathway. In this regard, however, the relevance of data generated using cultured monocytes to DC biology is unclear [18] . We consider it critical now to determine the contributions of bone fide DCs and other myeloid lineages to AS pathogenesis. Our previous analyses revealed a systemic deficiency in a specific DC population in B27-TG rats, which in turn promoted elaboration of Th17 responses [19] . Because this cytokine axis may be associated with AS pathology, we hypothesized that myeloid populations could be similarly altered in AS patients. Accordingly, we performed deep phenotyping of blood and SF leucocyte populations and now show that the frequency of circulating CD1c + DCs is diminished in AS patients. Conversely, proportions of CD14 À CD16 + mononuclear cells are elevated and functionally promote CCR6 induction and IL-6 and IL-1b secretion following T cell interaction. Furthermore, we identify a correlation between systemic inflammation and a gut-homing phenotype among T cells from AS patients. Thus, we provide novel insight into the pathways that can promote chronic inflammation mediated through the Th17 axis.
Materials and methods

Patients
AS patients meeting the modified New York criteria [20] were Table S1 , available at Rheumatology Online.
Reagents
Cells were cultured in RPMI 1640 supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine and 50 mM 2-mercaptoethanol (complete medium).
Peripheral blood mononuclear cell isolation
Isolation of peripheral blood mononuclear cells was performed over a Histopaque1077 gradient. Following centrifugation, the peripheral blood mononuclear cell layer was harvested. 
Results
The CD4 + T cell CCR6/CXCR3 axis is altered in AS patients T cells belonging to the Th17 lineage have been associated with disease pathogenesis in B27-TG rats [9, 19] and AS patients [1012] . We performed detailed immunophenotyping of the circulating CD4 + T cell profile in AS through quantification of T cell populations and their effector status. The latter aspect was determined through examination of chemokine receptor expression (commonly used surrogate markers of T helper cell polarization) [21, 22] . We first segregated four CD4 + TcRab + populations based on CD25 and CD45RA expression ( AS patient plasma contains elevated levels of Th17-associated cytokines
To understand how the balance of T helper subsets might be regulated in AS patients, we examined the plasma cytokine and growth factor profiles in our cohort. We observed a modest increase in TNFa levels in AS patient plasma ( Fig. 2A) . IL-1b levels were similar to those of controls ( Fig. 2B ). Assessment of several plasma Th-associated cytokines revealed a significant reduction in plasma IL-4 in AS patients, while IL-10 and IFNg levels resembled those of HCs (Fig. 2C ). In contrast, there was significant upregulation in the circulating levels of the Th17-associated cytokines IL-6 and IL-23p19, but no increase in IL-17A itself (Fig. 2C) . Thus, the cytokine milieu in AS patients is skewed towards the Th-17/IL-23 axis. Interestingly, Flt3L, a myeloid haematopoietic growth factor, was significantly upregulated in AS patient plasma compared with HCs (Fig. 2D ).
The proportion of circulating CD16 + mononuclear cells increased in AS Data from our laboratory support a relationship between systemic myeloid dysregulation and AS/SpA; we previously demonstrated that B27-TG rats lack CD103 + CD172a lo DCs [19] , while Flt3L was significantly upregulated in AS patients (Fig. 2D ). (Fig. 3A) . Unfortunately, our study was insufficiently powered, with too few HLA-B27 + HCs and HLA-B27 À AS patients to examine the influence of HLA-B27 on immunological disease parameters (Fig. 3A) . 
CD123
+ CD304 + ) revealed no significant difference between HCs and AS patients (supplementary Fig. S2C , available at Rheumatology Online). We observed no disparities in the frequencies of CD141 + DCs in AS patients (Fig. 3B) . However, analogous to that population we predicted would be deficient from our B27-TG experiments [19] , analysis of clinical data (supplementary Table S1 , available at Rheumatology Online) revealed a significant correlation between increased proportions of CD141 + DCs and greater disease severity when assessed by BASDAI (disease activity) but not by BASFI (for functional limitation see supplementary Fig. S3 , available at Rheumatology Online). Unexpectedly, we observed a significant proportional reduction in CD1c + DCs in AS patients (Fig. 3B ). This finding was offset by increased frequencies of total CD14 À CD16 + mononuclear cells in AS patients (P = 0.0552), despite no proportional differences in SLAN-expressing subsets (Fig. 3C) . Comparison of the major blood myeloid populations revealed a significant shift from CD1c + DCs towards CD14 À CD16 + mononuclear cells in AS patients (Fig. 3D) . The unfolded protein response (UPR) induced within myeloid cells as a consequence of ER stress initiated through HLA-B27 misfolding, is thought to contribute to disease pathogenesis in B27-TG rats [79] . Despite the observed myeloid dysregulation ( Fig. 3B and C Fig. 4A ). In contrast to peripheral blood ( Fig. 3C and supplementary Fig.  S2B , available at Rheumatology Online), the CD14 À CD16 + SLAN + and SLAN À mononuclear cell subsets were absent from AS SF (Fig. 4A and B) . High levels of CCR4 and CCR6 expression were observed on SF CD3 + CD4 + T cells (Fig. 4C) , and most CD4 + CD25 hi cells coexpressed both chemokine receptors (Fig. 4C) . To identify inflammatory mediators driving joint pathology, the cytokine milieu from matched AS patient SF and blood samples was analysed. IL-10, IL-17A, TNFa and Flt3L were not differentially expressed between plasma and SF (Fig. 4D ).
FIG. 2 Systemic cytokine profile of AS patients
Cytokine and growth factor levels were determined by Luminex or ELISA for HCs (empty circles) and AS patients (filled circles). Levels of TNFa (A) and IL-1b (B) in HC (n = 2425) and AS patient (n = 38) plasma. (C) Detection of Th cellassociated cytokines IL-4, IL-10, IFNg, IL-6, IL-17A and IL-23p19 within HC (n = 2324) and AS patient (n = 38) plasma.
(D) Amount of plasma Flt3L in HCs (n = 24) and AS patients (n = 38). Statistical analyses were performed between HCs and AS patients for each parameter. *P < 0.05, **P < 0.01, ***P < 0.001 using MannWhitney tests.
In contrast, IL-6 concentrations were dramatically increased within AS SF (Fig. 4E ).
DCT cell interactions promote Th17-like immune responses
Cognate interactions between antigen-presenting cells, principally DCs, and T cells are central to the regulation of immune responses. To investigate blood myeloid cell function, we assessed their ability to stimulate proliferation of naive allogeneic CD4 + T cells. HC and AS patient myeloid cells induced similar CD4 + T cell proliferation at all DC:T cell ratios (Fig. 5A ). DCs have a greater capacity to induce naive T cell proliferation than blood monocytes (supplementary Fig. S4 , available at Rheumatology Online). Supernatant analysis from these co-cultures revealed no difference in IL-1b and IL-6 production between HCs and AS patients (Fig. 5B) . CD14 À CD16 + mononuclear cellCD4 + T cell co-cultures consistently secreted the highest levels of IL-1b and IL-6 (Fig. 5B) . The Th-associated cytokines IFNg and IL-17A were also examined; however, no significant differences were observed (data not shown). Overall, interactions between CD14 À CD16 + mononuclear cells and T cells promote secretion of the Th17-associated cytokines IL-1b and IL-6. assessed by both BASMI and BASFI (Fig. 6A) . Although similar relationships were observed between increasing frequencies of CCR6 + activated T cells (CD25 int ) and BASMI and BASFI, these did not reach significance (Fig. 6A) . Furthermore, we observed significant correlations between increased proportions of CCR9 + CD4 + activated T cells and elevated ESR and CRP scores (Fig. 6B ).
Discussion
The genetic link between HLA-B27 and AS was identified more than 40 years ago, yet the mechanisms underpinning this association remain elusive. Studies of B27-TG rats indicate involvement of myeloid populations and CD4 + T cells (specifically the Th17 lineage) in SpA pathology [59, 19, 24] . Parallel human studies have highlighted involvement of the Th17/IL-23 pathway in AS [1, 2, 12, 25] . Despite this, evidence for IL-17secreting T cells in inflamed, extra-articular tissues is limited [2628] . Furthermore, examination of the critical myeloid populations has only been performed indirectly, using in vitrogenerated mo-DCs [15, 16] . These cultures do not recapitulate the diverse populations found in vivo. We have performed the first detailed phenotypic and functional analyses of freshly isolated myeloid populations in AS. We have not, however, performed these analyses using samples from patients with other inflammatory diseases. Such comparisons have previously been shown to be valuable [29, 30] . Further studies are therefore required to establish whether our immunological observations are unique to AS pathophysiology. Additionally, the majority of www.rheumatology.oxfordjournals.org our patients presented with long-standing disease; if samples were available it would be fascinating to repeat these studies using patients in the earliest stages of disease.
Significantly, our analyses support reports of a systemic imbalance in circulating CD4 + T cell subsets in AS, favouring cells of the Th17 lineage. We identified this imbalance using CCR6 and CXCR3 as surrogate markers of and assessed using linear regression and the KruskalWallis Spearman correlative statistical tests (r), using the Dunn multiple comparisons post-test. *P < 0.05, **P < 0.01 and ***P < 0.001.
Th17 and Th1 differentiation, respectively [21, 22] . The elevations we observe in circulating levels of the Th17-associated cytokines IL-6 and IL-23 may promote induction and survival of these Th17-like cells in vivo [31, 32] . IL-23 has also been shown to directly drive SpA-associated pathology in animal models, and has been associated with human disease [26, 33, 34] . Our data support these observations, implicating involvement of CCR6 + /Th17-associated CD4 + lymphocytes and the IL-23 cytokine axis in AS pathogenesis [9, 19, 25] . We previously identified a systemic deficiency in the CD103 + CD172a lo tolerogenic DC population in B27-TG rats [19] . We hypothesized that the analogous human subset, CD141 + DCs, would be absent or depleted in AS patients. However, we observed no differences in the frequencies of circulating CD141 + DCs between AS patients and HCs. In fact, elevated proportions of circulating CD141 + DCs were weakly associated with increased disease severity. Thus, unlike in B27-TG rats, a loss of this DC subset does not appear to drive human disease. Hence, several immunological processes driving human AS appear to differ from those driving SpA-like symptoms in B27-TG rats. In contrast, we observed a significant reduction in the frequency of the largest blood DC population, CD1c + DCs, in AS patients. It should be noted that there was a 15-year difference between the average ages of the HC and AS patient cohorts. We consider it unlikely that this disparity caused the observed differences between our HC and AS patient populations because our analyses did not detect any influence of donor age on the number or frequency of any DC population in our cohorts (data not shown). In myeloid cells of B27-TG rats, the UPR, driven by misfolded HLA-B27 molecules, induces release of pro-inflammatory cytokines and cell death [9, 35, 36] To understand how immunological changes may contribute to disease development, we must consider how these differences relate to patient clinical characteristics. In our cohort, it was clear that CCR6 + Tregs were more frequent in patients with the highest disease scores. From this correlation we infer that in AS patients, CCR6-expressing Tregs may be induced in an attempt to suppress pathology. Further investigation is clearly required to accurately assess whether this population has any effect on disease progression. Interestingly, our data indicate a relationship between intestinal immune responses and systemic inflammation in AS; elevated ESR and CRP values correlate with higher proportions of circulating CCR9-expressing activated T cells. CCR9 is induced on T cells activated in intestinal lymphoid tissues [48] . Thus, this correlation indicates that systemic inflammation in AS is associated with intestinal activation of T cells. This is potentially extremely important, given the absence of inflammation from B27-TG rats housed under germ-free conditions, and the fact that $50% of AS patients show evidence of subclinical intestinal inflammation [49, 50] . Together, these results indicate that antigen-presenting cells of intestinal origin may play a central role in driving systemic inflammation in AS www.rheumatology.oxfordjournals.org patients. Given this association between systemic inflammation and the intestinal immune response, it is important to understand the impact of peripheral disease manifestations, especially signs of IBD, on disease and immunological parameters. Unfortunately, our study was not sufficiently powered (containing too few patients with IBD) to address this directly.
In summary, we have performed extensive immunophenotyping of AS patients and have identified diseaseassociated alterations in circulating T lymphocytes and myeloid populations. Specifically, elevated proportions of CD14 À CD16 + mononuclear cells, capable of inducing CCR6-expressing T cells and IL-1b and IL-6 production, may contribute to the Th17 immune responses that are associated with AS. Furthermore, intestinal immune responses appear to contribute to systemic inflammation in AS patients, implicating loss of intestinal homeostasis as an important factor driving disease. Together, these observations enhance our understanding of the pathogenesis of AS, and support the idea that aberrant T cell responses and intestinal inflammation contribute to the pathogenesis of this disease.
